, and slug flow exists in outlet manifold. Gas quality, average bubble size, and gas columns increased with cell temperature. Moreover, the performance of the DMFC was promoted. Cell temperature had a significant effect on cell performance. By contrast, the effect of mass transfer deterioration caused by the CO 2 bubbles could be ignored.
INTRODUCTION
Direct methanol fuel cells (DMFCs) possess several distinguished advantages, namely, high energy density, easy refueling, low emission, and fast dynamic response. In comparison with vapor-feed DMFCs, liquid-feed DMFCs can simplify heat management systems, reduce system size and weight, and operate near atmospheric temperature. Hence, DMFCs have received considerable attention in recent years and are considered a promising choice of nextgeneration primary or auxiliary power devices for stationary, mobile, portable, and urban transportation systems (Shukla et al., 1998) . The oxidation reaction of the methanol solution occurs in the anode channels and then produces CO 2 bubbles, which results in the two-phase flow phenomenon in DMFC channels. The generation and change of CO 2 bubbles influence not only the two-phase flow and the mass transfer in anode channels but also the performance of the DMFC (Fang et al., 2017; Ranjan and Shashikant, 2017) . The smooth removal of bubbles and the methanol solution supplies are two preconditions guaranteeing the normal operation of DMFC. Thus, investigation of the two-phase flow phenomenon is necessary. Scott et al. (1998 Scott et al. ( , 1999 Scott et al. ( , 2001 ) investigated the two-phase flow and the flow pattern change in DMFC with parallel channels through visualization technology; they also studied the effect of operating parameters on system gas management with different gas diffusion layers (GDLs, carbon cloth, and carbon paper). Ge and Liu (2007) developed a threedimensional, two-phase, multicomponent model for a liquid-fed DMFC. Kang and Zhou (2014) used a multiphase three-dimensional Navier-Stokes plus volume of fluid method to study bubble generation and flow in a microserpentine channel for DMFCs. Kang et al. (2017) investigated CO 2 behaviors inside a DMFC anode using the volume-of-fluid method to track the gas-liquid interface. Lu and Wang (2004) utilized visualization technology to reveal the effects of the pore structure and wettability of GDL on cell polarization characteristics and two-phase flow phenomenon in DMFC. Nordlund et al. (2004) studied the behavior of CO 2 bubbles in transparent channels in DMFC. Liao et al. (2007) experimentally investigated the dynamic behavior of CO 2 gas bubbles and the performance of transparent DMFC through the visualization method and studied the effect of methanol flow rates, feed temperature, and feed concentration on cell performance. and visually evaluated the CO 2 bubbles, anode flow channel parameters, and DMFC orientation. Chen et al. (2017) investigated the CO 2 behavior and its effect on the performance of a passive DMFC by use of visualization method. Burgmann et al. (2012 Burgmann et al. ( , 2013 monitored the appearance and evolution of CO 2 bubbles qualitatively and quantitatively using a microscope in DMFC and revealed the effect of CO 2 bubbles and slugs on the performance. Ye et al. (2010a) designed and fabricated a transparent DMFC to investigate the two-phase flow characteristics in an anode serpentine flow field, concluding that the cell current, methanol solution flow rate, and methanol solution mole concentration had significant influences on flow patterns and cell performance. Yuan et al. (2017) investigated the effects of anode serpentine flow field design on the cell performance, gas bubble behavior, and pressure drop characteristics of an active liquid-feed DMFC using a visualization method. Guo et al. (2009) visually observed two-phase flow inside the anode flow bed of a liquid-fed direct methanol fuel cell in different gravities. Ye et al. (2010b) designed a small direct methanol fuel cell with a single serpentine channel at the cathode and 11 parallel straight channels at the anode, and investigated two-phase flow in short-term microgravity. The present study focuses on two-phase flow in interdigitated flow channels in normal gravity, which are different in channel types and gravity conditions. Yuan et al. (2016) visually investigated the twophase flow characteristics of an active liquid-feed DMFC with different flow fields, such as serpentine, parallel, and porous patterns, and their effects on the reactant and product management. The results showed that a high methanol feed rate can promote the removal of the produced gas bubbles and that a high oxygen flow rate is helpful in water removal.
The flow field design plays a critical role in mass transfer and performance of DMFC. However, few studies related to the interdigitated channels have been published. The present work aims to reveal experimentally the regularity of CO 2 bubbles and two-phase flow based on DMFC with interdigitated channels. The performance of the DMFC under different conditions is also experimentally investigated.
EXPERIMENTAL

Design and Fabrication of DMFC
A single DMFC with an interdigitated channel was designed to study the two-phase flow phenomenon. A photo of a self-designed DMFC is shown in Fig. 1 . In this study, we aimed to investigate the two-phase flow and the CO 2 generation in the anode through visualization technology. Hence, the transparent polycarbonate was employed as the anode plate, which provided the advantages of good transmittance, machinability, and methanol corrosion resistance. Stainless steel (1Cr18Ni9Ti) was used as the cathode plate. The interdigitated channel was designed at the anode and cathode. In the entire flow field, the inlet manifold (combined with inlet channels) was not connected to the outlet manifold (combined with outlet channels). This structure could enhance the transport of the gas fuel due to strong forced convection. The geometric parameters of the flow field are shown in Table 1 .
In this study, a Nafion 117 membrane (Dupont, Inc.) was used to separate the anode and cathode electrodes. A carbon cloth was selected as the GDL. The membrane electrode assembly was composed of a membrane between the GDLs. The anode and cathode were prescribed a catalyst loading of 4 mg · cm −2 Pt-Ru/C and Pt/C, respectively. Figure 2 shows the experimental system of the gas-liquid two-phase flow at the DMFC anode. For the anode operation, two peristaltic pumps with different ranges (the maximum range is 60 ml · min −1 for DG-1 and 600 ml · min for YZ1515) were composed in parallel to control the methanol flow rate. The liquid methanol mixed by analytically pure methanol (the methanol content is not less than 99.5%) and deionized water were supplied as fuel reactants. For the cathode operation, high-purity oxygen with humidification and heating was supplied by using a gas tank and regulated by an electronic mass flow controller with a precision of 0.5% at full scale. In this study, five flowmeters with different ranges (SY 9312B-EX; 0-5, 3-30, 20-200, 100-1000, and 500-5000 ml · min −1 ) worked together to meet the equipment requirements.
Methanol Liquid and Oxygen Gas Supply System
Heating and Temperature Control System
The cell operating temperature range should be guaranteed at 70
• C-80
• C, and the reactants should be heated before reaching the cell. Hence, we set up a heating and temperature control system. In this experiment, we placed an electrically heated rod in the pore of the cathode plate and utilized a temperature controller with precision of 0.1
• C. To reduce the resistance and enhance the heat transfer between the rod and cathode plate, thermal silicon grease 
High-Speed Video System
In this study, a digital camera and a high-speed camera were used to monitor and capture images of the two-phase flow at the anode. The digital camera (Sony DSC-P10) with a maximum of 5 million pixels can record the two-phase flow phenomenon in the channels at a certain time. The high-speed camera (FASTCAM Super 10K) was utilized to record the flow pattern change during some time. The max resolution and speed of the camera are 512 × 480 and 10,000 frames/second. We used 250 and 500 frames/second to record experiment progress. Figure 3 shows the CO 2 bubbles and two-phase flow at the anode with interdigitated channels under different current densities. The operating conditions are as follows. The inlet flow rates of liquid methanol and oxygen gas were 10 and 800 ml · min −1 , respectively. The concentration of liquid methanol was 1.0 kmol · m −3 . The exit pressure at the cathode outlet and operating temperature were 0 kPa (gauge pressure) and 70
RESULTS AND DISCUSSION
Effect of Current Density
• C, respectively. The CO 2 bubbles and two-phase flow were entirely different in the inlet and outlet manifolds.
FIG. 3:
Effect of current density on CO 2 bubble behavior operated at cathode outlet pressure of 0 kPa (gauge pressure), cell temperature of 70
• C, 1 kmol · m −3 methanol solution of 10 ml · min −1 , and oxygen gas flow rates of 800 ml · min
Under low current density conditions, little methanol participates in the electrochemical reaction and the CO 2 bubbles generated during the reaction dissolve in the methanol solution. Hence, few bubbles appear in the flow field. As the reaction progresses, the bubbles attached to the channel wall grow gradually. The bubbles would depart from the channel wall and move into the solution when the bubbles' size gets to the departure diameter. The separated bubbles in the outlet channels move to the manifold rapidly, whereas the bubbles in the inlet channels accumulate on top of the channels and form a gas column. The number and size of bubbles gradually increase with the increase of current density. Several small bubbles in the outlet channels combine with one another to form consecutive large bubbles, as shown in Fig. 4(a) . In the inlet channels, the downward extension speed of the gas column increases with the current density. As shown in Fig. 4(b) , the gas column in the channels enter the inlet manifold. A portion of the gas column drains into the neighboring inlet channels through the inlet manifold. When the current density exceeds 80 mA · cm −2 , the quality of the CO 2 bubbles in the channels increases significantly. The outlet channels have no large bubbles across the flow channels, and most of these are discretely small bubbles. However, under high current density, no channel-blocking phenomenon caused by large gas slugs and gas column can be found in the outlet channels.
The result of the experiment shows that the gas column in the inlet channels rapidly shrinks when the gas column extends to a certain length. Then, it gradually extends downward because the pressure of the gas increases with the gas quality, which promotes the removal of gas by forced convection through the GDL. In addition, bubbles continue to escape from some point of the outlet channel, as shown in Fig. 5 . Bubbles are exactly the gas transferred to the outlet channels by forced convection.
In the entire flow field, the gas displays a decreasing tendency from two sides to the center channels. The gas column in the two sides of the channels is longer than that in the center of the inlet manifold. In the outlet manifold, the quality of the bubble is greater in two sides of the channels. This finding indicates that the reaction in the two sides of the channels is more violent, which results in more gas generation. In the interdigitated channels, the flow rate in the two sides of the channels is higher than that in the center. The liquid methanol transfers from the channels to the GDL by forced convection, and the high flow rate can enhance the convection effect, which makes the mass transfer to catalyst layer easy. The points that generate bubbles distribute unevenly. Bubbles generate and grow in some area, whereas no bubbles generate in other areas all the time. These phenomena caused by the different surface structures of the GDL and the catalyst layer agree with the report of .
The two-phase flow in the interdigitated channels under different current density conditions is also investigated in this experiment. Fine bubble flow is the typical two-phase flow in the outlet channels. Under high current density conditions, only the bubbles are large and no gas column appears in the channels. The gas column appears in the outlet manifold under low current density conditions. Slug flow is evident in the outlet manifold under 40 mA · cm −2 . When current density is greater than 120 mA · cm −2 , the cell operates in the concentration polarization zone where the reactant fuel cannot transfer to the catalyst layer effectively. Moreover, the partial catalyst layer cannot be utilized because the accumulated gas occupies the inlet channels. As a result, the performance of the DMFC decreases considerably and can no longer remain stable. Figure 6 shows the CO 2 bubbles and the two-phase flow in the interdigitated channels at the transparent cell anode under different liquid methanol flow rates. The operating conditions are as follows. The current density remains at 80 mA · cm −2 , and the concentration of liquid methanol is 1.0 kmol · m −3 . At the cathode, the inlet flow rate of oxygen is 800 ml · min −1 . Meanwhile, the exit pressure and operating cell temperature are 0 kPa (gauge pressure) and 70
Effect of Methanol Flow Rate
• C, respectively. The inlet flow rates of liquid methanol vary at 5, 10, 20, 40, 60, and 80 ml · min −1 . As shown in Fig. 6 , increasing the methanol flow rates has a beneficial effect on gas removal in the channels because the two-phase flow speed in the channels increases with the inlet methanol flow rates, which contributes to the removal of CO 2 bubbles generated in oxidation reaction in time.
Substantial bubbles with increasing number and sizes gradually move from the bottom to the top of the outlet channels. Meanwhile, the gas has almost occupied most of the inlet channels when the inlet methanol flow rate is 5 ml · min −1 , as shown in Fig. 6 . With the increase of the methanol flow rates, the number and sizes of the bubbles decrease in the outlet channels. Moreover, the length occupied by the gas in the inlet channels declines. Only a few small bubbles are present in the outlet channels on two sides of the flow field, and almost no bubbles can be observed in the inlet channels at 80 ml · min −1 methanol flow rate. Moreover, the gas column only occupies one-third of the channel and does not extend downward. In the entire flow field, most gas appears in two sides of the channels, and the gas displays a decreasing tendency from two sides to the center channels. The flow pattern is different; the fine bubble flow is the typical two-phase flow in the outlet channels, and slug flow exists in the outlet manifold. Figure 7 compares the polarization curves of the cell under different methanol flow rates at the anode. A reduced DMFC performance is obtained with the increase of the methanol flow rates, especially in a high-current region. In the DMFC, the static pressure increases with the flow rates, which can enhance the methanol transfer to the reaction area and aggravate the methanol crossover from anode to cathode. The poor performance results from the generation of mixed voltage caused by the methanol oxidation reaction at the cathode. The enhanced mass transfer and methanol crossover need to be simultaneously considered when evaluating the effect of methanol flow rates on the performance of the DMFC. The cell performance will decrease gradually with the increase of methanol flow rate when the performance loss caused by methanol crossover is superior to the performance improvement due to the enhanced • C, oxygen gas flow rate of 800 ml · min −1 , and cathode outlet pressure of 0 kPa (gauge pressure) with 1 kmol · m −3 methanol solution mass transfer. Given that the increase of methanol flow rates can enhance the heat transfer in cell, the catalyst activity decreases with the reduction of the catalyst surface temperature, which can also reduce the performance of the DMFC. Fig. 8(a) ]. The output voltage declines from 420 to 320 mV with the increase of methanol flow rates from 5 to 20 ml · min −1 . This variation agrees with the polarization curve tendency shown in Fig. 7 . However, the result is different in Fig. 8(b) . The output voltage increases gradually when the methanol flow rates change from 5 to 20 ml · min −1 , where the cell yields a maximum voltage of 520 mV. When the methanol flow rate exceeds 20 ml · min −1 , the output voltage decreases gradually until it reaches 420 mV at 80 ml · min −1 methanol flow rate. The different tendency of cell performance between 0.5 and 1 M is that high methanol concentration can cause more serious methanol crossover than low methanol concentration did at the same methanol flow rate. The enhanced cell performance is obtained with the increase of methanol flow rates from 5 to 20 ml · min −1 because the performance improved due to the enhanced mass transfer being superior to the performance loss caused by methanol crossover. The loss of the performance caused by the increasing methanol crossover dominates the performance when the flow rates continue to increase, which results in poor performance of the DMFC.
Effect of Cell Temperature
The two-phase flow and CO 2 bubble in the anode channels under different cell temperature conditions are investigated in this experiment. The operating conditions are as follows. The inlet flow rates of liquid methanol and oxygen gas are 10 and 800 ml · min −1 , respectively. The concentration of liquid methanol is 1.0 kmol · m −3 , and the current density remains at 80 mA · cm −2 . The exit pressure at the cathode outlet is 0 kPa (gauge pressure) and the cell operating temperatures are 30
• C, 50
• C, 70
• C, and 80
• C. Figure 9 shows the effect of cell temperature on CO 2 bubble and two- phase flow behavior. The gas quality and the bubble average size increase with temperature. The gas columns that are uniform in the inlet channels at 30
• C also increase with temperature. In the entire flow field, the column displays a decreasing tendency from two sides to the center channels. Fine bubble flow is evident in the outlet channels. More CO 2 bubbles are generated in high temperature. The flow pattern changes with the different cell temperatures in the outlet manifold. Fine bubble-slug flow exists in the outlet manifold at 30
• C. The length of the gas slug increases with temperature because of the combination of the bubbles and slug. This occurrence results in the flow pattern evolution to slug flow at 70
• C. Moreover, the gas column occupies the entire channel at 80
• C in the outlet manifold. Several reasons explain the increase in the number and size of bubbles with the evaluated temperature. More bubbles separate from the methanol solution caused by the decrease of solubility of CO 2 in the methanol solution when the cell temperature increases. Conversely, the increase in temperature results in the decrease of the surface tension of the methanol solution, which increases the average size of the bubble and makes the combination of small bubbles with one another easy, forming large consecutive bubbles. The increase in gas volume also contributes to the increase of gas quality. Figure 10 shows the effect of cell temperature on the performance of the DMFC. The experimental results demonstrate that the cell temperature has a considerable influence on the performance of the DMFC. The output voltage does not dramatically decrease with the increase of current density in the concentration polarization zone when the temperature increases. This finding proves that the performance of DMFC improves due to the catalyst activity and the enhancement of methanol diffusion efficiency when the cell temperature increases. Methanol transfer from flow channel to catalyst layer may be hampered due to the increase of gas quality and bubble size with evaluated temperature. Meanwhile, the performance loss caused by methanol deterioration can be ignored, whereas the performance improvement resulting from the increase of the catalyst activity and methanol diffusion efficiency with the increase in temperature is significant. Hence, the performance of the DMFC significantly improves with the increase in cell temperature.
CONCLUSION
This work primarily focuses on the visualized phenomena of the CO 2 bubble and two-phase flow at the anode of a liquid-feed DMFC based on interdigitated channels. The effects of current density, methanol flow rate, and cell temperature on the performance of the DMFC are experimentally evaluated. The following conclusions are drawn. 1. In the inlet channels, the gas column increases with the current density. In the outlet channels, the number and size of bubbles increase gradually and slug flow appears even in low current density.
2. High methanol flow rates can promote the removal of the gas in the channels. The number and size of bubbles decrease in the outlet channels with the increase of flow rates. Meanwhile, the length occupied by the gas in the inlet channels decreases. Fine bubble flow is the typical two-phase flow in the outlet channels, and slug flow exists in the outlet manifold. The performance of the DMFC declines with the increase of methanol flow rate when the methanol concentration is 1 kmol · m −3 .
3. The gas quality and the average bubble size increase with cell temperature. Meanwhile, the gas columns become longer. The cell temperature has a significant influence on cell performance. By contrast, the effect of mass transfer deterioration caused by the CO 2 bubbles can be ignored.
